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Recent experiments indicate that doping low concentrations of bent-core molecules into calamitic
smectic solvents can induce anticlinic and biaxial smectic phases. We have carried out Monte
Carlo (MC) simulations of mixtures of rodlike molecules (hard spherocylinders with length/breadth
ratio Lrod/D = 5) and bow- or banana-shaped molecules (hard spherocylinder dimers with
length/breadth ratio Lban/D = 5 or 2.5 and opening angle ψ) to probe the molecular-scale or-
ganization and phase behavior of rod/banana mixtures. We find that a low concentration (3%)
of Lban/D = 5 dimers induces anticlinic (SmCA) ordering in an untilted smectic (SmA) phase for
100◦ ≤ ψ < 150◦. For smaller ψ, half of each bow-shaped molecule is nanophase segregated be-
tween smectic layers, and the smectic layers are untilted. For Lban/D = 2.5, no tilted phases are
induced. However, with decreasing ψ we observe a sharp transition from intralamellar nanophase
segregation (bow-shaped molecules segregated within smectic layers) to interlamellar nanophase seg-
regation (bow-shaped molecules concentrated between smectic layers) near ψ = 130◦. These results
demonstrate that purely entropic effects can lead to surprisingly complex behavior in rod/banana
mixtures.
PACS numbers: 61.30.-v, 61.30.Cz
Liquid crystals (LCs) are exotic solvents that impose
orientational and/or positional ordering on solutes. Con-
versely, LC ordering and properties are highly sensitive
to the influence of low-symmetry solutes. For example,
if a chiral solute is added to a nematic a uniform helical
twist of the director is induced [1]. By properly choos-
ing the chiral solute the helical twisting power and hence
the helical pitch can be controlled and this has potential
application in electro-optic displays. If the starting achi-
ral mesophase is SmC, chiral solutes induce the chiral
SmC∗ phase which is ferroelectric [2,3]. The induced fer-
roelectric SmC∗ has variety of technological applications
[4]. Addition of organic solvent in SmA and SmC phase
can increase the smectic layer spacing in which solvent is
intercalated between smectic layers [5]. Also the smec-
tic ordering can significantly enhance polymerization rate
in a monomer-LC mixtures [6]. Results from previous
computer simulation studies showed that trans-cis pho-
toisomerization of azo-benzene based LC’s in smectic sol-
vent leads to intralamellar nanophase segregation [7]. All
these phenomena clearly demonstrate that by appropri-
ately changing the solute or the liquid crystal solvent,
material properties can be manipulated for specific tech-
nological application.
In recent years a new class of smectic liquid crystal
(SmCP phase) made up of achiral molecules with bent
cores has been discovered [8,9]. The molecules arrange
into macroscopically chiral layers characterized by po-
lar ordering and molecular tilt about layer normal, pro-
ducing spontaneous polarization. Recent experimental
results indicate that a very low concentration of bow-
shaped molecules in a smectic solvent can give rise to
biaxial SmA/tilted phase [10]. It has also been shown
that the polar properties of some liquid crystals can be
changed from ferroelectric (FE) to antiferroelectric (AF)
by doping with bow-shaped molecules [11]. However, a
clear understanding of all these phenomena at a molec-
ular level, essential for molecular engineering is lacking.
For example, to select the suitable solutes shape to ob-
tain desired macroscopic properties. Computer simula-
tion can help us to develop a molecular scale interpreta-
tion of experimental results and provide theoretical guid-
ance for further experimental studies. In simulation we
can gradually change the molecular shape of the solute or
solvent and see how these changes affect the large-scale
order of liquid crystal systems.
To investigate the effect of low concentration of bow-
shaped molecules in a smectic solvent, we have carried
out a series of Monte Carlo (MC) simulation in a mixture
of rodlike and bow- or banana-shaped molecules Some
of the questions we want to address are: what new LC
phase can be induced by a low concentration of bow-
shaped molecules in a calamitic LC solvent; how are the
bow-shaped molecules are distributed in a LC solvent?
How is the structure of the solvent is modified? Under
what conditions does nanophase segregation occur. Our
model simulations give valuable insight into some of these
questions. To a fair approximation the banana molecules
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with small bent angle can be thought of as behaving like
platelike molecules. In that respect our simulation can
shed light on the phase behavior of such mixture.
The smectic solvent is made up of rodlike molecules
represented by hard spherocylinders of length/breadth
ratio Lrod/D. The bow-shaped molecules are modeled
as spherocylinder dimers of length/breadth ratio Lban/D
with opening angle ψ (figure 1). The model of bow-
shaped molecules as spherocylinder dimers has been in-
vestigated through computer simulation and gives rise
to rich phase behavior [12,13] and captures some of the
essential physics of such liquid crystalline system. The
idea behind using such hard core model is that liquid
crystal phase behavior is largely entropy driven and de-
termined by the hard core repulsion between the liquid
crystal mesogens. Hard spherocylinder provides a simple
model both in terms of computational ease and theoret-
ical approach.
We have performed MC simulations of rod/banana
mixtures under NPT (constant particle number, con-
stant pressure, and constant temperature) ensemble with
periodic boundary conditions. The simulated systems
contained N = 400 molecules in a orthorhombic box.
The number of rodlike molecules was Nrod = 388 and the
number of banana molecules wasNban = 12. The concen-
tration of banana molecules, defined as cban = Nban/N ,
is 3%. Initially, the system was prepared in a SmA state
at high pressure. Each trial MC move consisted of a ran-
dom displacement and reorientation of a randomly se-
lected rod or banana molecule, with the move accepted
according to a Metropolis criterion [14]. Simulations
were carried out for two sets of length to breadth ra-
tios for rods and bananas. In the first case, Lrod/D = 5
and Lban/D = 5 (the overall banana length is twice the
rod length), while in the second case, Lrod/D = 5 and
Lban/D = 2.5 (the overall banana length is equal to the
rod length). For convenience we introduce reduced units,
in which the reduced pressure P∗ is defined as P ∗ = βPv0
and the reduced density as ρ∗ = ρv0, where v0 is the vol-
ume of a hard spherocylinder of length L and breadth
D. For all simulations, the pressure was kept fixed at
P ∗ = 11. This pressure corresponds to the middle of the
SmA phase for L/D = 5 spherocylinders [15].
Starting with an untilted SmA phase, we find that low
concentration of Lban/D = 5 banana molecules induces
anticlinic (SmCA) ordering in the smectic host for suffi-
ciently large opening angle ψ. This behavior is evident
in Figure 2(a), where we plot the anticlinic tilt angle θ
with respect to the layer normal as a function of opening
angle ψ [16]. For 100◦ ≤ ψ < 150◦, the molecules within
each layer exhibit a uniform tilt, and the system as a
whole develops anticlinic ordering. Over this range of
opening angles, the anticlinic tilt angle is approximately
related to the opening angle by θ = (pi − ψ)/2 (dashed
line in Figure 2(a). For ψ < 100◦, half of each banana
molecule is nanophase segregated between smectic layers,
and the layers are untilted. For ψ > 150◦, the molecules
within each layer are uniformly tilted, but there is no
overall anticlinic ordering on average. Thus, we observe
a transition from SmA to SmCA and back to SmA with
decreasing opening angle. This behavior is apparent in
instantaneous configurations from the simulations 3. In
figure 2(b) we have plotted the smectic layer spacing vs.
opening angle ψ. The layer spacing decreases with de-
creasing opening angle, indicative of increasing molecular
tilt, but increases abruptly for ψ > 100◦. Note that the
layer spacing at ψ = 90◦ is larger than that at ψ = 180◦,
owing to the nanophase segregation of half of each ba-
nana molecule between smectic layers.
We have also performed simulations of a 3% concentra-
tion of Lban/D = 2.5 banana molecules in an Lrod/D = 5
spherocylinder host. In this case no tilted phases are ob-
served (Figure 4(a)), and the system remains in the SmA
phase for all ψ. However, for ψ ≤ 130◦ banana density
profile (Figure 5) exhibits a deep minima near the cen-
ter of the smectic layer and two peaks on the two sides,
which indicate that either half of the banana molecules
or the entire molecule are nanophase segregated between
the smectic layers (interlamellar nanophase segregation).
The end-to-end vector is preferentially oriented to the
layer normal by ∼ 45◦ with the polar vector (unit the
vector contained in the plane of the molecule and pass-
ing through the apex of the molecule) orienting them-
selves parallel to the layer normal (Figure 6). For larger
ψ there is a transition from interlamellar to intralamel-
lar nanophase segregation, in which banana molecules
are segregated within the smectic layers as reflected by
both the rod and banana density profiles peaked at the
center of the smectic layer (Figure 5. In this case the
end-to-end vector is almost parallel to the layer normal
with polar vector being in the plane perpendicular to the
layer normal (Figure 6). This transition from intralamel-
lar to interlamellar is clearly seen from the equilibrated
snapshots of the systems shown in figure 7. Such transi-
tion with decreasing opening angle results in an increase
in smectic layer spacing as shown in figure 4(b)). The
same kind of nanophase segregation is observed in trans-
cis photoisomerization of azobenzene in a smectic host
[7].
Our simulations demonstrate the entropy-driven in-
duction of anticlinic (SmCA) ordering in a calamitic SmA
host by doping with a low concentration of bow-shaped
molecules with overall length twice that of rodlike solvent
molecules. The tilted smectic phase may be the biaxial
smectic phase found in the experiment done by Banga-
lore group in a similar system [10]. For smaller Lban/D,
we observe an entropy-driven transition from intralamel-
lar to interlamellar nanophase segregation of bow-shaped
molecules in a mixture of rod and banana molecules. In
this case, our simulation results demonstrate an orienta-
tional transition as a function of opening angle for ba-
nana molecules in a SmA solvent. Our model provides
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a tool which can be useful in molecular engineering, for
example by selecting suitable shape (in terms of opening
angle and length/breadth ratio) to ensure the desired tilt
angle or layer spacing. Future work will involve a more
systematic study of the phase behavior and structure of
such mixture as a function of Lban/D, ψ and cban, and of
the limits of miscibility of banana molecules in calamitic
solvents.
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FIG. 1. A schematic representation of model system.
FIG. 2. Induced tilt angle (θ)(a) and Layer spacing (b) as
a function of opening angle ψ for the case when Lrod/D = 5
and Lban/D = 5.
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FIG. 3. Equilibrated snapshot of the system for
ψ = 90◦, 120◦, 140◦ and 170◦ respectively. The banana
molecules are in black and rods are in gray color. The pa-
rameters are same as in figure 2.
FIG. 4. Tilt angle (a) and smectic layer spacing (b) as a
function of the opening angle ψ for the case when Lrod/D = 5
and Lban/D = 2.5.
FIG. 5. Density profile for different values of ψ for the case
when Lrod/D = 5 and Lban/D = 2.5. Solid line is for rods
(solvent) and dashed line for bananas. The banana density
has been scaled by 30 for clarity.
FIG. 6. Orientational distribution of the end-to-end (solid
line) and polar vector (dashed line) of the banana molecules
for different ψ.
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FIG. 7. Equilibrated snapshot of the system for ψ = 90◦,
120◦, 130◦ and 160◦ respectively. The banana molecules are
in black and rods are in gray color.
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